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ORIGINAL ARTICLE

Cortico-limbic responsiveness to high-calorie food images predicts
weight status among women
WDS Killgore, M Weber, ZJ Schwab, M Kipman, SR DelDonno, CA Webb and SL Rauch
OBJECTIVES: Excessive weight gain and obesity are currently among the world’s major threats to health. Women show signiﬁcantly
higher rates of obesity and eating disorders relative to men, but the factors contributing to these gender differences remain
uncertain. We examined the correlations between regional brain responses to images of high-calorie versus low-calorie foods
and self-reported motivational status, including ratings of general appetite, overeating propensity, state hunger and desire for
speciﬁc foods.
SUBJECTS: Thirty-eight healthy right-handed adults (22 male; 16 female) ages 18–45 participated. There were no differences
between males and females with regard to age or body mass index (BMI).
RESULTS: Overall, motivational status correlated signiﬁcantly with activation within the amygdala, insula and orbitofrontal
cortex. Regional activation was then used to predict BMI, an indicator of long-term food consumption and energy expenditure.
The combined model was signiﬁcant, accounting for 76% of the variance in BMI for women, whereas the same regions were not
predictive of weight status among men.
CONCLUSIONS: Findings suggest that long-term weight status is related to visual responsiveness to calorie-dense food
imagery among women.
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INTRODUCTION
Problems with overweight and obesity are currently among the
major public health concerns facing westernized societies. Within
the United States, 2 of every 3 adults are classiﬁed as overweight,1
and over 1 in 3 now meet criteria for obesity.2 Excess weight gain
is associated with numerous long-term health problems, including
increased risk of type 2 diabetes, hypertension, stroke,
cardiovascular disease, and a range of other negative health
outcomes.3 In addition, those meeting criteria for obesity are twice
as likely than their normal weight peers to succumb to premature
death from a variety of causes.3 Women, in particular, appear to
show the greatest problems with excess weight gain,2 extreme
obesity,4 and higher rates of eating disorders relative to men.5–7
Food consumption and weight gain among humans is an
extraordinarily complex phenomenon, regulated by genetic,8
central,9 and peripheral neurobiological factors,10 as well as
complex social, cognitive and psychological variables.11–14
Consequently, the basis for these sex differences in weight gain
and food consumption remain unclear, but some evidence
suggests that there are distinctions between men and women
in their behavioral responses to food stimuli,7 and even in the
responsiveness of critical brain regions involved in regulating
appetite and food intake.15,16
Individuals vary in their motivational status and behavioral
control when confronted with food stimuli.17 Incentive to
consume food in the immediate environment is dictated by an
individual’s current hunger state18 and general hedonic
preference for speciﬁc foods.19,20 While the long-term ability to
regulate food consumption and to maintain a stable weight is

associated with individual hedonic preferences for food stimuli, it
may also be related to a general capacity to inhibit behavior and
affective responses.21 In particular, the ability to modulate
behavior in response to tempting food is strongly linked to
several aspects of impulse control, such as executive attention,
inhibitory control and affect regulation,22 capacities that are often
associated with the behavioral23 and emotion24 regulation
functions of the prefrontal cortex. The medial orbitofrontal
cortex, in particular, appears to be one among several nodes
within a complex neurocircuitry involved in responding to food
stimuli25–29 and regulating food intake,30,31 a system that also
likely includes the amygdala and posterior insula, among others.
In the present study, we used functional magnetic resonance
imaging (fMRI) to examine the responsiveness of this system to
visual images of unhealthy high-calorie versus relatively healthy
low-calorie foods, and correlated that activation with several selfreport variables important to food motivation, including general
appetite level (Appetite), the propensity to overeat (Overeating),
state hunger (Hunger), and hedonic attraction to the individual
foods (Food Desire). Based on prior research described above, we
restricted our primary analyses to the amygdala, insula and medial
orbitofrontal cortex. Activation within the regions found to be
related to each of these food motivational indices was then used
to predict body mass index (BMI), a stable measure of long-term
food consumption. Based on our prior ﬁndings that cerebral
responses to images of food stimuli were stronger in women than
men,16 and similar ﬁndings reported by others,15 we hypothesized
that such responses would be related to BMI among women, but
would be weaker or non-existent among men.
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MATERIALS AND METHODS
Participants
The participants included thirty-eight healthy right-handed adults
(22 male; 16 female) recruited via internet advertisements and
posted ﬂyers from the Boston metropolitan region, ranging in age
from 18 to 45 years (M ¼ 30.1, s.d. ¼ 8.3). There were no
differences between males (M ¼ 31.5, s.d. ¼ 9.3) and females
(M ¼ 28.3, s.d. ¼ 7.5) with regard to age. A trained research
technician screened all potential volunteers during a semistructured telephone interview. Based on this screening, enrolled
participants were deemed to be free from any history of severe
medical conditions, head injury, loss of consciousness 430 min,
brain tumors, seizures, neurologic conditions, symptoms consistent with Axis I psychopathology, or drug or alcohol treatment.
Additionally, potential participants were excluded for current or
recent use of any psychoactive medications, illicit substances or
excessive alcohol intake. Normal or corrected normal visual acuity
with contact lenses was required. BMI was determined
through self-reported height and weight recorded on the
prescan questionnaire. Men and women ranged from low
normal BMI to Stage I obesity (males ¼ 24.24, s.d. ¼ 3.60,
range ¼ 19.80–33.47; females ¼ 25.08, s.d. ¼ 4.01; range ¼
19.84–34.78), which did not differ signiﬁcantly between the
groups. Written informed consent was obtained before enrollment
and all participants were compensated for their time. This research
study was reviewed and approved by the McLean Hospital
Institutional Review Board.
Materials and procedure
Informed consent and prescan procedures began for each
participant between 0900 and 1100 hours, during which
participants completed a number of self-report inventories
querying about demographic information, dietary intake and
appetite/food consumption behavior. For the present analysis,
participants answered the following questions: (1) ‘what is your
appetite like?’ on a 10-point scale (Appetite: 1 ¼ never hungry;
10 ¼ always hungry), and (2) ‘do you feel you eat more than you
intend to’ on a 10-point scale (Overeating: 1 ¼ never; 10 ¼ always).
In order to ensure some variability in hunger ratings, participants
were permitted to consume food if desired throughout the
prescan period, although all intake throughout the day was
documented on a food diary. However, no food was permitted for
an hour before the fMRI scans. Men and women did not differ on
any of these scales (all P-values 40.05).
Functional neuroimaging occurred between 1230 and 1500
hours. During fMRI, participants completed a food perception
task, similar to the task we have reported in previous
papers.16,25–27,29,32,33 Brieﬂy, the food perception task consisted
of a series of visual images of various food and non-food items.
Images were presented in 30-second blocks that alternated
between images of high-calorie (H) foods (for example, ice
cream, cheeseburgers, cake, French fries, candy), low-calorie (L)
foods (for example, fruits, vegetables, fresh salads, whole-grain
bread and fresh ﬁsh) or control (C) images (that is, non-edible
ﬂowers, rocks and shrubs). Each block consisted of 10 images,
each displayed for 3 s. A ﬁxation cross ( þ ) was displayed for 15 s
at the beginning and end of the task to allow stabilization of the
signal. The food perception task followed a constant presentation
order ( þ , C, L, H, C, H, L, C, þ ) and lasted for a total duration of
240 s. Participants were asked to try to attend to the images in
order to identify them in a later recognition test. After the
scan, participants indicated their current level of hunger (that is,
Hunger: 1 ¼ not at all hungry; 7 ¼ extremely hungry). Finally,
participants were again shown all of the previously seen images
and asked to rate ‘how much you would like to eat each item
right now’ (that is, Food Desire: 1 ¼ do not want to eat it;
7 ¼ strongly desire to eat it).
International Journal of Obesity (2013) 1435 – 1442

Magnetic resonance imaging parameters
Neuroimaging was completed on a 3.0 Tesla SIEMENS Tim Trio
scanner (Erlangen, Germany) using a 12-channel head coil. A T1weighted 3D MPRAGE sequence (repetition time/echo time/ﬂip
angle ¼ 2.1 s/2.25 ms/121) was collected over 128 sagittal slices
(256  256 matrix) with a slice thickness of 1.33 mm (voxel size ¼ 1
 1  1.33 mm). For the 4-minute fMRI during the food perception
task, a T2*-weighted echo-planar imaging sequence (repetition
time/echo time/ﬂip angle ¼ 3.0 s/30 ms/901) was collected over 43
transverse interleaved slices with 80 images per slice (3.5 mm
thickness, no skip; 22.4 cm ﬁeld of view; 64  64 acquisition
matrix), with a voxel size of 3.5  3.5  3.5 mm. The ﬁrst 3
functional scans were discarded in order to achieve a steadystate equilibrium before data collection.

Image processing
Functional neuroimaging data were preprocessed and analyzed
using SPM8 software (Wellcome Department of Cognitive
Neurology, London, UK). Standard realignment and motion
correction algorithms were employed to remove the effects of
participant movement. The echo-planar images were coregistered
to each individual’s own T1 anatomical image, and spatially
normalized to the template of the Montreal Neurological Institute.
An isotropic Gaussian kernel (full width at half maximum ¼ 6 mm)
was used to spatially smooth the images, which were then resliced
to 2  2  2 mm. During preliminary statistical modeling, the time
series was convolved with the canonical hemodynamic response
function and a ﬁrst-level autoregressive model was used to
remove the effects of serial autocorrelation. Low frequency drift in
the signal was removed by applying the default 128-second high
pass ﬁlter.

Statistical analysis
The fMRI data were analyzed using a two-stage process. First, the
various conditions (that is, high-calorie foods, low-calorie foods
and control images) were each modeled against an implicit
baseline and contrasts comparing the various conditions were
constructed (for example, high-calorie versus low-calorie conditions). The high greater than low calorie contrast image for each
subject was then used as the dependent variable in a second-level
random effects multiple regression analysis. In this analysis,
individual responses to the questions about Appetite, Overeating,
Hunger and Desire were entered as separate predictor variables.
The linear relation between each predictor variable and brain
activation was examined separately while holding the effects of
the other variables constant. Based on our a priori hypotheses, we
restricted the primary analyses to six bilateral search territories
(that is, bilateral amygdala, insula and medial orbitofrontal cortex)
as deﬁned by the Automated Anatomical Labeling Atlas,34
implemented within the Wake Forest University SPM8 Toolbox
PickAtlas Utility.35 Activation maps for the regression analyses
were initially thresholded at Po0.001, k (extent) X10 contiguous
voxels, and then subjected to small volume correction for multiple
comparisons within each search territory at Po0.05, corrected for
family-wise error. Finally, to determine the role of these activation
regions in long-term responses to food, brain activation data were
extracted from the entire activated cluster in each SPM analysis
and entered simultaneously into a multiple linear regression
analysis to predict BMI in SPSS 20. Based on prior evidence of sex
differences in brain responses to food, we also evaluated this
prediction separately for men and women. The multiple
correlation coefﬁcients from the separate regression models for
men and women were compared directly using Fisher’s r-to-z
transform.
& 2013 Macmillan Publishers Limited
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RESULTS
Scale intercorrelations
Scale intercorrelations among the various items are presented in
Table 1. General Appetite was only signiﬁcantly correlated with
Food Desire. Overeating was signiﬁcantly correlated with greater
BMI and higher Food Desire ratings. State Hunger at the time of the
scan was only related to Food Desire ratings of the images
following the scan. Other associations were not signiﬁcant.
Together, these correlations provide preliminary evidence of the
convergent and discriminant validity of the scales.
Appetite correlations
The relation between self-reported general Appetite ratings and
brain responses to the high- versus low-calorie food perception
condition was evaluated using multiple linear regression analysis.
After statistically controlling for the inﬂuence of the other three
variables in the regression (that is, Overeating, Hunger and Food
Desire), Appetite was not signiﬁcantly correlated with greater
activation within any of the regions of interest to the high-calorie
versus low-calorie food images (see Table 2). However, Appetite
was associated with signiﬁcantly reduced task-related activation of
a cluster of voxels within the left amygdala (see Figure 1). Table 3
shows the R2 for the overall model and individual b contributions
of each of the predictor variables to the activation of this cluster.
Figure 1 and Table 2 also show that Appetite was correlated with
reduced activation of a cluster within the left posterior insula.
Overeating correlations
The relationship between self-reported Overeating and taskrelated brain responses was also evaluated. Holding other
variables constant (Appetite, Hunger and Food Desire), self-reported
Overeating was associated with increased responsiveness to the
high-calorie food condition for an activation cluster located within
the right medial orbitofrontal gyrus (see Table 2 and Figure 1). In
contrast, there were no negative correlations between Overeating
and task-related brain responses within any of the search regions.
Hunger correlations
Hunger ratings taken immediately after the scan were also
examined independently in the regression. After controlling for
the other variables (that is, Appetite, Overeating and Food Desire),
self-rated Hunger was positively correlated with activation within a
small cluster of the right amygdala (see Table 2 and Figure 1).
There were no activation clusters showing a negative correlation
between Hunger and task-related brain activation within the
regions of interest.
Food desire correlations
Actual ratings of the food images obtained immediately after the
scan were also examined for their independent contribution to
brain responses for the high- versus low-calorie foods. With the
other variables (that is, Appetite, Overeating and Hunger) statistically controlled, Food Desire was positively correlated with
activation within a small cluster within the left amygdala (see
Table 2 and Figure 1), but no clusters showed any negative
correlation with Food Desire during the task.
Exploratory whole-brain analyses
To aid in generation of future hypotheses, each of the preceding
regression analyses were also examined at the whole-brain level
(that is, not constrained to the hypothesized regions of interest).
However, no regions of activation survived whole brain (familywise error Po0.05) correction for multiple comparisons within any
of the analyses.
& 2013 Macmillan Publishers Limited

Table 1.

Intercorrelations among primary food motivation questions

Scale

1

2

3

4

5

1.
2.
3.
4.
5.

—

 0.214
—

0.335*
0.230
—

 0.204
0.293
0.067
—

 0.086
0.517**
0.524**
0.519**
—

BMI
Appetite
Overeating
Hunger
Food desire

Abbreviation: BMI, body mass index. *Po0.05, **Pp0.001

Table 2. Locations of maximally activated voxels during multiple
regression analysis
Comparison region
Appetite
Positive
No active
voxels
Negative
Left amygdala
Left insula
Overeat
Positive
R medial
orbitofrontal
gyrus
Negative
No active
voxels
Hunger
Positive
Right
amygdala
Negative
No active
voxels
Food desire ratings
Positive
Left amygdala
Negative
No active
voxels

Cluster size
(voxels)

x

y

z

SPM
{t}

—

—

—

—

—

11
26

 16
 40

2
8

 14
8

4.09
4.77

16

8

34

 14

4.14

—

—

—

—

—

3

18

2

 14

4.11

—

—

—

—

—

9

 18

4

 16

4.62

—

—

—

—

—

Abbreviation: SPM, statistical parametric map.

Multiple regression to predict BMI
The ﬁnal goal was to determine whether the combined brain
activation clusters identiﬁed in the preceding analyses could
be used to predict an independently obtained indicator of an
individual’s long-term eating behavior; in this case we attempted
to predict BMI from these cluster responses. For each of the ﬁve
activation clusters identiﬁed in the previous analyses, the cluster
eigenvariate was extracted and entered as a predictor variable in a
multiple regression analysis with BMI as the dependent variable.
Standard regression diagnostics were undertaken to identify
particularly inﬂuential observations that may have affected the
analyses. No participants scored more than 3 s.d. from the mean
BMI score and no cases showed excessive inﬂuence on the
regression analysis (that is, high leverage values or Cook’s Distance
scores). For the sample as a whole, a model including all ﬁve
International Journal of Obesity (2013) 1435 – 1442

Brain responses to food
WDS Killgore et al

1438

Figure 1. The figure depicts the results of the primary regression analyses for each of the four food motivation scales on brain responses to
the high-calorie 4 low-calorie food contrast, while holding the other three scales constant. The first three columns show the locus of the
primary cluster of activation revealed in the regression, and the right hand column depicts the partial correlation scatterplot between the
food motivation variable and cluster signal intensity for the data in the highlighted cluster. The figure shows that general Appetite was
negatively correlated with clusters in the (a) left amygdala and (b) left insula. Overeating was associated with greater responsiveness within
(c) the right medial orbitofrontal cortex (OFC). Hunger ratings were positively correlated with a cluster in the (d) right amygdala, while Food
Desirability ratings were positively correlated with a cluster in the (e) left amygdala.

activation clusters as predictors did not signiﬁcantly predict BMI,
R2 ¼ 0.166, P ¼ 0.30. However, when the same model was tested
separately by sex, we found striking differences in model
prediction. Whereas there was no signiﬁcant relation between
combined activation from the extracted regions and BMI,
R2 ¼ 0.138, P ¼ 0.76 for males, activation within these same
regions was highly predictive of BMI for females, R2 ¼ 0.756,
P ¼ 0.007. To directly compare the variance explained by these
two models, we used a Fisher’s r-to-z transformation of the two
multiple correlation coefﬁcients and compared the resulting
difference using the z-distribution. This comparison was
International Journal of Obesity (2013) 1435 – 1442

signiﬁcant (z ¼ 2.62, P ¼ 0.009), suggesting that the combined
activation from the ﬁve brain regions was signiﬁcantly more
predictive of BMI for males than for females. The results were
virtually unchanged when menstrual phase was statistically
controlled as a nuisance covariate. These ﬁndings suggest that
long-term weight status among females is closely related
to the responsiveness of these brain regions to images of
calorie-rich foods. Figure 2 presents the partial correlation
plots showing the association between BMI and the standardized
predicted scores from the combined activation clusters for males
and females.
& 2013 Macmillan Publishers Limited
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Table 3. Multiple regression analyses predicting extracted brain
responses from food motivation
b

Predictor region

t

Significance

Appetite predicts left amygdala (Model R2 ¼ 0.476)
Appetite
 0.625
 4.241
Overeat
 0.138
 0.892
Hunger
0.159
1.036
Desire
0.714
3.637

0.0002
0.379
0.308
0.001

Appetite predicts left insula (model R2 ¼ 0.371)
Appetite
 0.685
 4.240
Overeat
0.111
0.655
Hunger
0.065
0.387
Desire
0.142
0.661

0.0002
0.517
0.701
0.513

Overeating predicts right medial orbitofrontal gyrus (R2 ¼ 0.332)
Appetite
 0.053
0.321
0.750
Overeat
0.696
3.994
0.0003
Hunger
0.147
0.845
0.404
Desire
 0.456
 2.055
0.048
Hunger predicts right amygdala
(R2 ¼ 0.352)
Appetite
Overeat
Hunger
Desire

 0.172
0.173
0.703
 0.382

 1.049
1.009
4.114
 1.751

0.302
0.320
0.0002
0.089

Food desire predicts left amygdala (R2 ¼ 0.444)
Appetite
 0.506
 3.528
Overeat
 0.169
 1.124
Hunger
0.053
0.354
Desire
0.869
4.548

0.001
0.269
0.726
0.0001

DISCUSSION
We examined the covariation between regional brain responses to
food images and several components of food motivation that
might contribute to weight gain and obesity, including general
appetite ratings, overeating propensity, current hunger status and
ratings of food desirability. These motivational variables were each
related to activation within several regions hypothesized a priori
to be central in regulating food intake, including the amygdala,
posterior insula and medial orbitofrontal cortex. These regions
were selected based on prior evidence of their role in processing
of visual images of food25–29 and regulating food intake,30,31 but
likely reﬂect only a subset of potential brain regions that may be
involved. Overall, within this limited set of regions of interest, we
found that those who reported greater general appetite tended to
show reduced activation within the left amygdala and posterior
left insula to images of high- relative to low-calorie foods, while
those reporting a tendency to overeat showed greater
responsiveness within the medial orbitofrontal cortex to such
images. Greater self-rated hunger at the time of the scan was
associated with increased responsiveness of voxels within the
right amygdala to the high-calorie images, while greater desire to
eat the foods depicted was associated with increased activation
within the left amygdala. These regions together appear to be
reliably responsive to food imagery and correlate signiﬁcantly with
several behaviorally relevant dimensions of eating behavior that
may contribute to unhealthy weight gain. Moreover, when the
activation within these regions was combined to predict a global
measure of long-term food consumption (that is, BMI), there were
clear distinctions between men and women in the relation
between these brain responses and weight status. Whereas brain
responses within these speciﬁc food-responsive regions were
essentially unrelated to BMI for males, combined activation in
these same regions accounted for 76% of the variance in body
& 2013 Macmillan Publishers Limited

mass among females. These ﬁndings suggest that motivational
processing of food images within the brain regions studied here
may be reliably related to weight status among women, but may
be less so among men.
Several important ﬁndings emerge from this study. First, we
conﬁrm that speciﬁc aspects of food motivation are related to the
responsiveness of a core set of brain regions that have been
implicated in prior studies of visual food imagery.36 General
appetite, which reﬂects an individual’s self-reported persistent
desire for food across settings, was inversely correlated with left
amygdala and insular responses to images of high-calorie foods,
such that greater responses within these regions were associated
with lower appetite ratings. The amygdala has long been
implicated in studies of appetitive behavior and food
motivation,37 and lesions to the amygdala often result in severe
changes in food seeking and consumption.38,39 In a prior study,
appetite ratings were suppressed following a 6-week regimen of
daily citicoline administration, and the magnitude of appetite
decline was inversely correlated with amygdala and insular
responses to images of high-calorie foods,29 suggesting that
these structures may have a role in appetite for food. The present
ﬁndings are also consistent with the hypothesized role of the
amygdala in detecting and responding to potential threat or
harmful stimuli in the environment,40,41 and the role of the insula
in internally generated sensations of disgust.42,43 The insula is
believed to be part of the extended gustatory cortex and a key
region involved in visceral sensation and interoceptive
awareness.44 Activation of this region occurs in response to
satiety,45 perception of painful and disgusting stimuli,46 and with
greater sensitivity to the visceral somatic sensations associated
with anxiety.47 This may be important for general appetite, as
individuals with greater disgust sensitivity tend to be more
restrained in their eating.48 When considered in light of existing
research on these brain regions, we speculate that the present
ﬁnding suggest that individuals with a lower general appetite
might have a broad propensity to perceive calorie-rich foods as
less appealing, more aversive or even potentially threatening,
leading to increased amygdala and insular responses to such
stimuli. Of course, the causal direction of this association cannot
be inferred from these cross-sectional data, so it remains to be
determined whether reduced appetite leads to increased
amygdala and insula responses to food, or whether the
activation of these regions contributes causally to a decreased
desire for food.
Regardless of general appetite, some individuals are particularly
prone to eat more than they intend when snacking or consuming
a meal. In response to images of calorie-rich foods, self-reported
overeating was uniquely associated with increased activation
within the medial orbitofrontal cortex, a region that is consistently
implicated in reward processes and food preferences.49,50 For
example, in one compelling study, participants underwent
positron emission tomography scanning while eating pieces of
chocolate to the point of satiety.51 Early in the scan, when the
chocolate was still perceived as highly pleasurable, elevated brain
activity was found within the caudal regions of the medial
orbitofrontal cortex, proximal to the region activated here, but as
participants continued to consume additional pieces of chocolate
to the point of repulsion, this activation diminished and was
replaced by activation within the lateral prefrontal cortex.51 A
number of studies have now suggested that the medial
orbitofrontal cortex directly tracks the subjective pleasantness of
stimuli,52 and this region may contribute directly to decisionmaking processes that involve pleasure and reward.53 Higher
scores on a food addiction scale also correlated with greater
activation within the medial orbitofrontal cortex when
anticipating the receipt of highly palatable food,54 and this
region is also more responsive to food images following a fasting
relative to a satiated state.55 In fact, some studies have pointed to
International Journal of Obesity (2013) 1435 – 1442
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Figure 2. The figure depicts the partial correlation plots from the
secondary regression analyses. In this analysis, the combined brain
responses extracted from the primary analyses were used to predict
BMI scores separately for men and women. Whereas the extracted
functional clusters were not related to BMI among men, they were
highly significantly related for women (R2 ¼ 0.76, *P ¼ 0.007).

an association between altered functioning32,56 or structure57 of
the medial orbitofrontal cortex and general weight status. Greater
responsiveness of the medial orbitofrontal cortex to high-calorie
food cues may reﬂect a hyper-sensitivity to the reward value of
such foods,54,58 and might even serve as a risk factor for obesity.
Future research may explore whether the responsiveness of this
region to rewarding food stimuli may be predictive of long-term
weight gain.
We also examined acute hunger at the time of the scan and
found that it correlated positively with activation within the right
amygdala during perception of the high- versus low-calorie food
images, after controlling for other motivational variables. The
present ﬁndings corroborate prior work showing that acute
hunger is a powerful modulator of amygdala responses to images
of food.18,20,30,55 For instance, signiﬁcantly greater right amygdala
activation was found in response to food images during a hungry
state (that is, 14 h fasting) compared with satiation (that is, an hour
after ingesting pizza ad libitum).59 A recent meta-analysis
supported the modulating effect of hunger on right amygdala
responses to food pictures.36 These ﬁndings are also consistent
International Journal of Obesity (2013) 1435 – 1442

with other research suggesting that the amygdala has an
important role in determining the motivational salience of a
stimulus,60 and suggest that this salience detection system may be
inﬂuenced by the motivational status of the individual. Similarly,
after controlling for global appetite, overeating and hunger, we
also found that the strength of desire to eat the foods depicted in
the images was associated with greater response magnitude
within the left amygdala to the high- versus low-calorie foods. It is
particularly interesting to note that a cluster within the left
amygdala was positively correlated with actual ratings of food
desirability while a nearby cluster of activation was negatively
correlated with general appetite, as described earlier. Although
the resolution of our data precludes precise localization within the
amygdala, we did ﬁnd that the cluster associated with ratings of
greater food desirability was located slightly more posteriorly than
that associated with lower general appetite. Both clusters were
collocated within an area corresponding to the superﬁcial and
centromedial nucleus groups,61 which project extensively to the
orbitofrontal cortex62 and are broadly implicated in generating
autonomic, behavioral and emotional signals based on prior
learning.63
The primary goal of the present study was to determine the
degree to which the identiﬁed food-responsive brain activation
patterns might relate to long-term weight status among men and
women. We found that motivation-related responses to the
calorie-rich food images were highly predictive of BMI for women,
accounting for up to 76% of variance in weight status, but these
same regional brain responses were essentially unrelated to body
mass among men. These ﬁndings raise the possibility that
different factors may contribute to body weight composition for
men and women. For women, body mass appears to be
signiﬁcantly related to speciﬁc cortico-limbic responses when
confronted with visual food cues, particularly images of foods high
in calorie density. On the other hand, such an association between
brain responses to visual food cues and BMI was essentially absent
for men, suggesting that body mass among men is likely to be
more affected by any of a number of other factors that were not
examined in the current study. The present ﬁndings build upon
prior work showing that women tend to show greater corticolimbic responses to visual images of high-calorie food compared
with men,16,64 and further suggest that long-term body weight
status in women may be associated with greater responsiveness
of the food motivation network to visual images depicting highly
palatable food. Although further research will be necessary to
determine the extent to which these ﬁndings may relate to actual
food consumption and weight gain, these preliminary ﬁndings
may have important implications regarding the higher rates of
obesity2,4 and eating disorders5–7 among women. In light of these
ﬁndings, future interventions may beneﬁt by focusing on
developing methods to circumvent the neurobehavioral links
between visual responses to food and eventual food
consumption. Even simple awareness of the possibility that
women may be particularly responsive to visual cues of food
stimuli may serve as a potential method for curtailing food intake
by overtly restricting exposure to such cues.
Several limitations should be borne in mind when interpreting
these ﬁndings. First, we only explored self-reported food
motivation, including self-ratings of general appetite, overeating,
hunger and food preferences. As self-reported motivation may
differ from actual behavior, it will be important to corroborate
these ﬁndings using experimental techniques that involve
measuring objective eating behavior. Second, participants were
screened to exclude psychopathology, and no attempts were
made to recruit based on weight status, so the ﬁndings may have
limited generalizability to patients with eating disorders or those
at the extremes of the weight continuum. Third, with the
exception of preventing food intake for an hour prior to the
scan, we did not directly manipulate hunger status or total calorie
& 2013 Macmillan Publishers Limited
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intake. This permitted us to measure brain responses across a
normal spectrum of hunger and satiety, but may have also
introduced error variance that potentially reduced our power to
detect some statistical effects. Future research may beneﬁt from
direct manipulation of hunger status by holding calorie intake
constant for a longer interval before the scan. Fourth, although we
found signiﬁcant differences between men and women in the
relationship between regional brain responses and BMI, we cannot
exclude the possibility that the ﬁndings were driven by other
factors that were not examined or controlled in the current study.
It is conceivable that body mass among men may be better
accounted for by some other combination of elementary
biological or physiological factors such as serum testosterone,
age-related somatic changes, activity level or even to social or
gender-role variables that inﬂuence the circumstances surrounding food and beverage consumption in western cultures. It is also
possible that the present sex difference emerged because of the
greater variation in lean muscle mass as a component of BMI
among men versus women65 or even that men were simply less
reliable at reporting height and weight than women. Future work
should examine other more direct indices of fat to lean muscle
mass to verify the currently observed sex differences. Finally, our
primary hypotheses only focused on a small number of discrete
brain regions. Although whole-brain analyses failed to show
additional regions of correlation following stringent corrections for
multiple comparisons, it is likely that at less stringent thresholds,
other critically important regions may also emerge as signiﬁcant.
Thus, we make no claims that the regions observed here are the
only ones that may be important in this process. Future work
examining other regions important for food processing may also
enhance our understanding of the neural underpinnings leading
to weight gain and obesity. Despite these limitations, the present
ﬁndings provide further support for a key network of regions
involved in food motivation and further suggest that the
responses within this network during visual perception of highcalorie foods are directly and strongly related to long-term weight
status among women. These ﬁndings raise the speculative
possibility that the vulnerabilities to weight gain, obesity and
eating disorders, which predominate among women may be
inﬂuenced to some extent by a greater neurocognitive
responsiveness to the visual cues associated with food images.
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